The metabolic and energetic characterization of the growth of Leuconostoc oenos on glucose-citrate or glucose-fructose mixtures enables the potential role of this bacterium in the wine-making process to be ascertained. Moreover, mixotrophic conditions remain a suitable means for improving biomass productivities of malolactic starter cultures. When the malolactic bacterium L. oenos was grown in batch cultures on complex medium at pH 5.0 with glucose-citrate or glucose-fructose mixtures, enhancement of both the specific growth rate and biomass production yields was observed. While growth was possible on fructose as the sole source of energy, citrate alone did not allow subsequent biomass production. The metabolic interactions between the catabolic pathways of the glucose cosubstrates and the heterofermentation of hexoses led to an increased acetate yield as a result of modified NADH oxidation. However, the calculated global coenzyme regeneration showed that the reducing equivalent balance was never equilibrated. The stimulatory efects of these glucose cosubstrates on growth resulted from increased ATP synthesis by substrate-level phosphorylation via acetate kinase. While the energetic efficiency remained close to 10 g of biomass produced per mol of ATP, the increase in the specific growth rate and biomass production yields was directly related to the rate and yield of ATP generation.
L-malate:NAD' carboxylyase. This so-called malolactic fermentation is an important reaction in the vinification process, since it reduces acidity, enhances organoleptic characteristics, and improves the microbiological stability of wines (3) . For several years, wine makers have tended to use selected malolactic bacteria to ensure better control of malic acid bioconversion in enology. Thus, studies have been performed to examine the use of L. oenos strains as malolactic starter cultures, with the aims of both optimizing growth and understanding better the metabolism of this bacterium.
Glucose remains the most frequently employed catabolic substrate providing the energy necessary for the growth of Leuconostoc species. Hexoses are metabolized via the heterofermentative phosphoketolase pathway or the 6-phosphogluconate pathway, leading to equimolar amounts of lactate, C02, and ethanol-acetate (6) . On the other hand, it is well known that a number of lactic acid bacteria, including Leuconostoc species, are able to metabolize citrate. Since citrate catabolism is of importance for the production of flavor compounds, such as diacetyl and acetoin, numerous studies have dealt with the cometabolism of citrate and sugars. However, many of these studies are difficult to interpret because the relationship between the substrates used and the products formed was not quantified. Recently, Cogan (2) described the kinetics of substrate utilization and product formation from glucose and glucose-citrate mixtures during the growth of several Leuconostoc species, namely, L. lactis, L. mesenteroides, and L. paramesenteroides. More recently, Schmitt and Divies (17, 18) studied the cometabolism of citrate and lactose by L. mesenteroides subsp. cremoris, and Lin et al. (7) investigated the behavior of an L. mesenteroides subsp. mesenteroides strain. These studies all indicated that the addition of citrate stimulated the growth rate and enhanced molar growth yields. This result was attributed to changes in the heterofermentative pathway towards a better acetate yield at the expense of ethanol production and hence improved ATP availability, although a correct energetic appraisal has never been reported.
Garvie (4) mentioned that many Leuconostoc species "prefer" fructose to glucose for growth. Tracey and van Rooyen (21) did not confirm these observations but reported a partial conversion of fructose to mannitol. Although fructose can be metabolized via the heterofermentative pathway of sugar catabolism, fructose reduction to mannitol, catalyzed by mannitol dehydrogenase, is an alternative pathway operating in certain lactic acid bacteria (12) . However, growth kinetics, metabolic behavior, and energetic analysis have not yet been reported for fructose, and growth on sugar (glucose-fructose) mixtures seems never to have been examined.
In this study, the growth of L. oenos on various substrates was examined to provide complete fermentation balances for each substrate and to determine the kinetic behavior of carbon and energy fluxes during batch fermentations. Growth characteristics were compared with energetic yields, calculated from stoichiometric data. In addition to the efficiency of ATP production, the manner in which reduced coenzymes were recycled was precisely assessed, and coenzyme balances were calculated. The information thus obtained enables growth under mixotrophic conditions to be correctly assessed and also shows that the examined strain is able to consume both fructose and citrate simultaneously with glucose. Since Concentrations of substrates (glucose and citrate) and products (ethanol, acetate, and lactic acid) in the fermentation broth were measured by high-pressure liquid chromatography (HPLC) under the following conditions: temperature, 50°C; solvent, H2SO4 (25 mM); flow rate, 0.5 ml * min-1; and differential refractometer detection. For the simultaneous measurement of glucose, fructose, and mannitol, an Aminex HPX87K (Bio-Rad Chemical Division, Richmond, Calif.) column was used at 65°C with K2HPO4 (10 mM) as the eluent at a constant flow rate of 0.5 ml * min-' and with refractive-index detection.
CO2 production was determined by use of volumetric gas meters. For fermentation kinetics analysis, the specific growth rates were calculated from the cell mass profiles. As generally assumed for lactic acid bacteria, it was considered that carbon and nitrogen constituents of cell biomass and growth factors were supplied by the tryptone and yeast extract components of the basal broth. maximum specific growth rate (Ilmax), 0.05 h-l, corresponded to the early stages of growth, a constant growth rate of about 0.035 to 0.04 h-l being maintained thereafter (Fig. 1A) .
(ii) Stoichiometric data. Moreover, the stoichiometry of product formation was identical with glucose concentrations ranging from 10 to 400 mM (data not shown), indicating that, firstly, the stoichiometry was not dependent on the concentration of glucose consumed and, secondly, the products were derived exclusively from glucose, i.e., the portion of the products which could be derived from the metabolism of tryptone and yeast extract was not significant.
The stoichiometric data obtained here are in agreement with the theoretical values associated with the phosphoketolase pathway of glucose catabolism (6) . However, a close examination of the stoichiometry reveals a slight carbon imbalance, with a recovery percentage of about 96%. As previously reported (9) , an unidentified compound was produced, in direct proportion to the glucose consumed and seemingly derived from acetyl coenzyme A, which might justify this lack of carbon. The possibility of some incorporation of glucose into biomass cannot be excluded but, in view of the carbon recovery balance, this incorporation could account at most for 4% of the total glucose consumption minus the part of glucose leading to the unknown compound. The glucose can therefore ' , respectively) suggested a coenzyme imbalance. It is clear that for sugars entering the pathway at the level of glucose 6-phosphate, e.g., glucose or fructose, the two oxidation steps at the level of hexose phosphate leading to the reduction of coenzymes must be associated with the production of ethanol to regenerate the oxidized cofactors (Fig. 2 ).
Consequently, a yield of (or close to) 1.0 mol -mol-' was expected for the production of ethanol from glucose, as verified with the L. oenos strains used by Cogan (2) or Starrenburg and Hugenholtz (20) . Considering the metabolic steps associated with the reduction or oxidation of coenzymes and their involvement in glucose catabolism, it can be seen that 3 mol of NADH was produced per mol of glucose consumed ( Fig. 2) , while only 2.4 mol of NADH was reoxidized via the pathways associated with the synthesis of the identified products, i.e., 1.0 and 1.4 (2 x 0.7) mol of NADH during lactate and ethanol syntheses, respectively. The metabolism of L. oenos evolved with an apparent coenzyme reoxidation percentage of only 80%; 0.6 mol of NADH of the 3 mol produced was not reoxidized by the pathways of central metabolism leading to lactate and ethanol. One might expect that some of the reduced coenzymes, in the form of NADPH, would be consumed during anabolic reactions. However, taking into account the biomass yield relative to glucose consumed (11.2 g of biomass * mol of glucose ') and the apparent coenzyme excess (0.6 mol -mol of glucose '), the reactions of biomass synthesis would need to have consumed 55 mmol of NADPH*g of biomass-l to recycle the reduced coenzyme excess. This value is extremely high in comparison with the coenzyme requirement for anabolism, estimated for Escherichia coli to be 18 mmol -g of biomass-1 (5) . Furthermore, the majority of this anabolic demand can be excluded in the case of L. oenos, for which activated anabolic precursors (e.g., amino acids), which account for the quasi-totality of NADPH consumption, are believed to be obtained directly from tryptone. Only for lipidic compounds synthesized from acetyl-coenzyme A would a significant amount of NADPH be consumed. The production of the unidentified compound might also have involved the consumption of reducing equivalents. Finally, despite the gassing of the medium with N2 before inoculation, trace amounts of oxygen would be present during the early stages of culturing, as previously shown in control experiments (9), and would act as an electron acceptor associated with the oxidation of reduced coenzymes by NADH oxidase(s), as described by Lucey and Condon for other Leuconostoc species (10) .
(iv) Energetic calculations. Taking into account the heterofermentative pathway of glucose metabolism in L. oenos, ATP synthesis by substrate-level phosphorylation is 1 mol -mol of lactate1-and 1 mol * mol of acetate--. Since constant organic acid conversion yields were observed throughout the fermentation, the amount of ATP produced was 1.18 mol -mol of glucose consumed -'. This energy production enabled the formation of 11.2 g of biomass * mol of glucose-1, corresponding to a biomass yield relative to ATP of 9.5 g of biomass * mol of ATP-', a value in agreement with that reported previously by Pilone and Kunkee (13), i.e., 10 + 2 g * mol-1.
(v) Carbon and energy fluxes. The specific rates of glucose consumption were found to be correlated with the specific growth rates, the maximal value being 3.6 mmol of glucose consumed * g of biomass-' * h-1 (data not shown). The rate at which ATP was synthesized was calculated from the specific rates of product formation. The highest rate of ATP production, 4.2 mmol of ATP produced -g of biomass-l * h-1, was observed during the period of L,,.. Moreover, during the time course of the culture, the actual specific rates of growth were found to be related to the corresponding rates of ATP formation, indicating that the rate at which anabolic reactions occurred was dependent on the rate of energy production; i.e., growth was limited by energy availability.
Effect of citrate on the growth and metabolic behavior of L.
oenos. (i) Growth parameters. Very poor growth was observed with citrate alone (Xmax = 0.074 g-liter-'); this result may have been attributable to the consumption of residual sugar carried over with the inoculum. However, cells grew more rapidly with a citrate-glucose (37 and 55 mM) mixture than in medium containing glucose alone (Fig. 3) . This enhanced growth rate was observed throughout culturing, with a maximal value of 0.087 h-'. Citrate consumption also led to an improved biomass yield relative to glucose consumed (18. (20) .
(ii) Stoichiometric data. The fermentation profile for a culture of L. oenos growing in a medium containing glucose and citrate is shown in Fig. 4 . The simultaneous consumption of both substrates led to increased yields of lactate and acetate compared with the yields in a reference culture (glucose alone), while ethanol production was diminished. On the basis of existing knowledge of citrate metabolism (2, 8) , it may be assumed that equimolar amounts of lactate, acetate, and CO2 were produced from citrate during the period of glucosecitrate cometabolism. With this consideration, the stoichiometry of glucose conversion would be as follows (in millimolar): 1 glucose -> 1 lactate + 0.32 ethanol + 0.6 acetate + 1 CO2. As observed for glucose fermentation, the yield of ethanol plus acetate (0.92 mol -mol of glucose1-) was less than 1, indicating a slight carbon imbalance, with a recovery percentage of about 97%. The unknown compound previously obtained during culturing with glucose alone was again produced in direct proportion to the glucose consumed.
(iii) Coenzyme balance. The coenzyme balance was calculated from the product yields observed for the glucose conversion, taking into account the fact that citrate metabolism led to (iv) Energetic calculations. A major consequence of the reorientation of metabolic pathways resulting from the mixotrophic conditions was the increase in the acetate yield associated with a higher level of ATP production. Calculations of substrate-level phosphorylation-associated ATP synthesis revealed 1.6 mol of ATP -mol of glucose-1 for the glucosecitrate mixture, i.e., 1 mol * mol of lactate-1 plus 0.6 mol * mol of acetate -. This energy gain enabled a more efficient synthesis of biomass, as illustrated by the growth yield, 18.9 g of biomass -mol of glucose-1, corresponding to a biomass yield relative to ATP of 11.8 g of biomass -mol of ATP -', value on the same order of magnitude as that previously observed during culturing on glucose alone.
(v) Carbon and energy fluxes. As with glucose alone, the specific rates of glucose consumption were correlated with the specific growth rates. The maximal specific rate of glucose consumption remained quite similar to that on glucose alone, i.e., 3.8 instead of 3.6 mmol -g of biomass-'1 h'-, the flux of citrate utilization being simply superposed onto glucose heterofermentation. These findings were in contrast to the results of Cogan (2) , who observed a decrease in glucose consumption when citrate was present in the culture. However, because of a higher specific rate of acetate production, the maximal rate of ATP production was increased over that in the glucose culture, i.e., 6.1 instead of 4.2 mmol of ATP formed -g of biomass--h-1, and was correlated with a proportional increase in P.max. As was the case when glucose was used as the sole carbon source, the proportionality between the actual specific rates of growth and the rates of ATP formation was maintained, enhanced energy production leading to a proportional increase in growth rates.
Growth of L. oenos with fructose. (i) Growth parameters. The growth of L. oenos with fructose (130 mM) as the sole source of an energetic substrate (Fig. 5A ) proceeded at a P'max of 0.11 h-', observed during the early stages of culturing. The amount of biomass produced (1.2 g -liter-1) was lower than that obtained during culturing with glucose. This behavior seemingly indicated a reduction in the efficiency of biomass production, as illustrated by the lower apparent yield for the conversion of fructose into biomass, 8.8 g of biomass * mol of fructose--.
(ii) Stoichiometric data. The metabolism of fructose proceeded via two distinct pathways. A fraction of fructose (44%) was reduced to mannitol (Fig. 2) , associated with the oxidation of NADH, and the rest was transformed via the phosphoketolase pathway to lactate, ethanol, acetate, and CO2 (Fig. 5B) . A yield of ethanol plus acetate of 0.89 mol -mol 1 was observed; this value was similar to the values obtained under the previous substrate conditions, illustrating once more the lack of carbon in the C-2 part of the metabolism.
(iii) Coenzyme balance. The oxidation of part of the fructose into mannitol was an additional reduction reaction associated with the oxidation of NADH (Fig. 2) Tracey and van Rooyen (21) observed that fructose was utilized less than glucose with the L. oenos strains that they used. Both specific rates of growth and fructose consumption then decreased until the end of growth (data not shown). Since the product yields were constant throughout culturing, the maximal carbon flux through the phosphoketolase pathway was 56% of the fructose consumption flux, i.e., 5 .0 mmol * g of biomass1 * h-'. Taking into account the lactate and acetate production fluxes, the maximal rate of ATP formation was 7.5 mmol of ATP -g of biomass-l -h-'. This maximal rate of energy disposal, higher than that for glucose consumption, enabled biomass synthesis to proceed at a higher rate than during glucose culturing; i.e., .m. was 0.11 h1 instead of 0.05 h-.
Growth of L. oenos with a glucose-fructose mixture. (i) Growth parameters. Faster growth was observed with a medium containing glucose and fructose (65 mM each) than with each sugar alone, a [L,,,. of 0.14 h-1 being observed in the middle of cultivation. However, the final biomass concentration (0.92 g * liter-I) was lower than that obtained with each individual substrate (Fig. 5A) , indicating an apparent biomass yield, relative to the total amount of carbohydrate consumed, of 7.1 g of biomass -mol of sugar-'.
(ii) Stoichiometric data. Glucose and fructose were consumed simultaneously (Fig. 5C) , and during the coconsumption of both sugars, 83% of the fructose consumed was reduced to mannitol. The glucose and the remaining fructose were catabolized via the phosphoketolase pathway. From the product yields observed, the global stoichiometry (in millimolar) could total glucose plus fructose not channeled into mannitol (17%), the stoichiometry (in millimolar) indicated a lack of carbon (3.5%) similar to that systematically observed for each substrate tested: 1 central sugar -* 0.99 lactate + 0.46 ethanol + 0.45 acetate + 1 Co2. As described above for other substrates, the yield of ethanol plus acetate (0.91 mol * mol of central sugar-') was less than 1 and was associated with the production of the unidentified compound.
(iii) Coenzyme balance. The consumption of 1 mol of fructose led to the synthesis of 0.83 mol of mannitol. The remaining fructose (0.17 mol) was catabolized together with glucose via the central metabolic pathways, associated with the production of 3.51 (3 x 1.17) mol of NADH and with the regeneration of 1.16 and 1.08 (0.54 x 2) mol of NAD via lactate and ethanol syntheses, respectively. Of the 3.51 mol of NADH formed, 3.07 mol was reoxidized (0.83 mol via mannitol formation and 1.16 + 1.08 via the central pathway), leading to an apparent NADH excess of 0.44 mol * mol of glucose-l, or 0.37 (0.44/1.17) mol * mol of substrate-1 metabolized via the phosphoketolase pathway. Little difference was observed between this last value and those obtained with fructose or glucose alone or with a glucose-citrate mixture. Despite the metabolic shifts related to the oxidoreduction constraints, the apparent global coenzyme imbalance was systematically observed.
(iv) Energetic calculations. The global organic acid conversion yields enabled the calculation of the yield of ATP production as described above. The production of 1.44 mol of ATP -mol of central sugar-was associated with the production of 12.1 g of biomass * mol of central sugar-resulting in a yield of biomass produced relative to ATP consumed of 8.4 g of biomass -mol of ATP -. Moreover, this value was in good agreement both with our previous values (see above) and with that determined by Pilone and Kunkee (13) .
(v) Carbon and energy fluxes. The simultaneous consumption of both sugars resulted in an increase in the specific rates of consumption of each individual sugar; the maximal total sugar consumption (glucose plus fructose) of 16 (23) , seemed to be excluded, firstly because erythritol was never produced from fructose and secondly because it was derived from fructose 6-phosphate and not from the C-2 part of metabolism (24) .
The ethanol-acetate production ratio was dependent on the oxidoreduction equilibrium. It was confirmed that any additional pathway of NADH oxidation, i.e., the conversion of fructose into mannitol or of pyruvate from citrate into lactate, led to a shift from ethanol to acetate production to maintain a quite similar coenzyme equilibrium. Nevertheless, the apparent NAD regeneration resulted in a nearly constant coenzyme imbalance. It is clear that such an imbalance is physiologically impossible, and the unidentified product, the possible anabolic requirements, and the potential participation of NADH oxidase(s) associated with the presence of trace amounts of dissolved oxygen in the medium may contribute to this apparent shortfall of reducing equivalent utilization.
(ii) Growth and energetic yields. The use of different substrates resulted in variable acetate yields imposed by the oxidoreduction constraints and hence in variable ATP production yields. For each substrate, good proportionality was obtained between the amount of energy produced and the amount of biomass formed, such that the yield of biomass produced relative to ATP consumed was conserved constant at about 10.1 ± 1.2 g of biomass * mol of ATP-'. This constant value reflects the fact that the environmental conditions, such as physicochemical parameters (pH, for example) and nutrient availability, remained identical despite the use of different catabolic substrates (11) . Any increase in ATP synthesis stimulated anabolic reactions, this direct proportionality between ATP supply and biomass yield being interpreted as evidence that the growth of this bacterium, at least in the tryptone broth employed in this study, was energy limited.
(iii) Specific growth and energy formation rates. In addition to the dependence of the biomass yield on the global amount of available energy, the growth rate was also dependent upon the rate of energy production. Effectively, under all substrate conditions tested and during the entire time course of culturing, the actual growth rate was seen to be a linear function of the actual rate of ATP production (Fig. 6 (Fig. 6) . (i) The slopes of the lines were similar whatever the substrate used, indicative of identical energetic yield values, as would be expected when exactly the same basal medium and environmental conditions are being used. (ii) The maintenance energy (mATP corresponding to qATP when p. = 0) seemed to be high compared with the rate of ATP generation. Moreover, the linear representation indicated that the maintenance energy was constant and independent of the growth rate (15) . With glucose as an energetic substrate, i.e., glucose and glucosecitrate conditions, mATP was estimated to be 1.6 mmol of ATP -g of biomass-' * h-'. This loss of energy for nongrowth functions accounted for about 40% of the maximal energy produced with glucose, i.e., when growth proceeded at the maximal rate. (iii) The maintenance energy was higher when fructose was used as a substrate than when glucose was used: 2.3 and 4.2 mmol of ATP * g of biomass-l * h-l for fructose alone and glucose-fructose, respectively. While a definitive explanation cannot be presented, this increase in maintenance requirements seemed to be directly related to the presence of fructose. Since mATP was constant whatever the growth rate, it was also independent of the concentration of mannitol formed, indicating that the formation of mannitol could not account for the high maintenance energy observed. On the other hand, the uptake of fructose might have played a role in increasing energy waste.
Conclusions. This study of mixed-substrate cultures of L. oenos with citrate or fructose as a glucose cosubstrate has confirmed that the stimulation of growth can result from the cometabolism of two substrates. The need to maintain the reducing equivalent balance enables some reorientation of metabolic pathways to occur when additional substrates are consumed, provided that such cosubstrates perturb the fermentation by altering the number and/or the importance of the more reduced end products. Under such conditions, higher ATP production, via increased flux through acetate kinase, led to a proportional improvement in biomass yield. In addition to an equivalent increase in growth yield, the specific rate of energy production determined the specific growth rate, increases in both factors being observed under mixotrophic conditions. These results confirm that the growth of L. oenos is energy limited, with regard to both the amount of biomass produced from carbon substrates and the rate at which these anabolic reactions occurred. In addition to the energetic data derived from this study, one might ask what effect the production of polyols, i.e., mannitol, is likely to have on the organoleptic qualities of wines in which high malate concentrations are removed by L. oenos.
